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ABSTRACT

Zhang, Yang. Ph.D., Purdue University, December 2013. Preparation of Mesoporous
Silica Supported Ruthenium Oxides and the Application and Kinetic Study in the
Catalysis of Water Oxidation. Major Professor: Tong Ren.

Photo-induced water splitting of water into H2 and O2 has been a major focus in
the development of clean and renewable energy. The development of viable and efficient
catalysts that facilitates O2 production remains the major challenge in the study of the
corresponding half-reaction of water oxidation. There are plenty of metal oxides reported
active in the catalysis of water oxidation. However, several important performance bench
marks of those materials, such as the non-stoichiometric production of O2, slow reaction
rate and/or low quantum efficiency, remain to be improved.
Ruthenium oxide (RuO2) has long been known as one of the most active catalysts
for water oxidation. In this thesis are reported the syntheses of a series of mesoporous
silica supported nanosized RuO2, their characterization, application in CeIV-induced water
oxidation and photo-induced water oxidation, and the kinetic study of the corresponding
catalytic water oxidation reaction.
In Chapter 1, RuO2 nanoparticulates were pre-synthesized and wet-impregnated
into mesoporous silica SBA-15. This material has been proven as the most efficient
RuO2-based catalyst for CeIV-induced water oxidation in terms of turnover frequency. In

xiv
Chapter 2, the synthetic method of supported RuO2 was further optimized to achieve
better dispersion and less aggregation of RuO2. As-prepared catalyst was proven the most
efficient for photo-induced water oxidation compared to other RuO2 catalysts. It also led
to one of the highest O2 yields and quantum efficiencies. In Chapter 3, CeIV-induced
water oxidation catalyzed by this material was kinetically studied, based on an
independent electrode pair model. This study proved the applicability of this model in the
analysis of the kinetics of the reaction catalyzed by supported RuO2 nanoparticulates,
successfully simulated the kinetics of catalytic water oxidation, and clarified the
electrochemical mechanism of this reaction. In Chapter 4, through the method of
evaporation-induced self-assembly (EISA), nano-needle shaped RuO2 with low level of
aggregation was well dispersed in and supported on mesoporous silica. It also exhibited
excellent catalytic activity and reusability towards CeIV-induced water oxidation.

PUBLICATION

xv

xvi

xvii

1

CHAPTER 1
SILICA SUPPORTED RUTHENIUM OXIDE NANOPARTICULATES AS
EFFICIENT CATALYSTS FOR WATER OXIDATION

1.1 Introduction
Photo-induced splitting of water into H2 and O2 has long been a major focus in
energy sciences, as it is considered a promising solution for renewable and clean
energy.1-3 The two half-reactions of water splitting, the reduction of water to produce H2
and the oxidation to evolve O2, are often studied separately. The completion of the
oxidation of water was often realized by introducing strong oxidants, such as Ce4+, which
are thermodynamically favored but kinetically inert in the absence of catalyst.
Heterogeneous catalysts have the advantage over homogeneous catalysts because of the
challenge of realizing the 4-electron process necessary for O2 evolution at a single site.2
So far a series of heterogeneous transition metal oxide such as RuO2, PtO2, IrO2 and
MnO2 have been reported to be catalytically active.4 A number of studies, especially the
systematic studies conducted by Mills’ and Grätzel’s group, have shown that dehydrated
RuO2 is one of the most active catalysts.5-9 However, Mills et al. also revealed that
thermal treatment induced dehydration of RuO2•xH2O reduces its surface area and hence
catalytic activity due to the sintering of RuO2.9,10 Therefore, a method
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to obtain RuO2 catalyst with low level of hydration and high specific surface area is
desired.
Since the discovery of the M41S family of mesoporous materials,11 there have
been extensive studies of catalytic applications of these materials, due to the high surface
area, high pore volume and efficient mass transfer.12-14 Several approaches to load
catalytically active species into mesoporous structures have been reported, such as wetimpregnation,15 nanocasting,16 in-situ incorporation of the catalyst,17 and covalent surface
binding.18

However, loading pre-synthesized nanoparticulates into an ordered

mesoporous carrier has rarely been reported. While the catalytic properties may be
affected by the structural transformation necessary for precursor-to-catalyst conversion
using other loading methods, the pre-synthesis approach enables precise control of the
size of catalyst and minimizes the alteration of its properties during loading. The presynthesis methodology is also more feasible compared to in-situ formation of
nanoparticles inside nanopores,19,20 because the pre-forming process of nanoparticles is
independent of the geometric features of porous carriers.
Although very promising, the impregnation of nanosized RuO2 into mesoporous
structures is poorly developed. The laboratory of Bruce reported the preparation of
mesoporous silicates with a surfactant tris(bipyridine)ruthenium(II) complex as the
template, and the latter of which became RuO2 nanoparticles on calcination.17 However,
this method requires a complex synthesis of the structure-directing template, and only
results in pores smaller than 3 nm. Mills group reported the deposition of nanosized RuO2
on the surface of TiO2 (Degussa P25) to obtain water oxidation catalyst.6 Reported in this
chapter is the impregnation of preformed RuO2 nanoparticulates into mesoporous silica
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SBA-15, the structural characterization of the supported catalyst, and the catalytic
activity of this composite for water oxidation induced by Ce(IV).

1.2 Experimental

1.2.1 Synthesis of RuO2•xH2O Nanoparticulates
RuO2•xH2O NPs were prepared via hydrothermal treatment of RuCl3•3H2O
aqueous solution.21 A 20 mM RuCl3•3H2O solution was kept in a Teflon-lined autoclave
with a stainless steel shell. The autoclave was heated to 180 C in an oven. It was then
cooled to room-temperature by tap water after being kept at 180 C for 3 h. RuO2•xH2O
particulates were almost quantitatively obtained by centrifugation and then washed with
deionized water several times until the rinse reached pH 7. The precipitate was
completely dried under vacuum for several days at room temperature.

1.2.2 Synthesis of NP-4%
The synthesis of mesoporous silica SBA-15 powder followed previous
literature.22 After the dried NPs were re-suspended in deionized water by stirring for 3 d
and sonicating for 1 h, SBA-15 was immersed in the aqueous suspension of NPs.
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While stirring, the water was left to slowly evaporate over one week, and the dry powder
was calcined at 350 oC for 4 h. The ratio of RuO2 suspension to SBA-15 powder was
controlled to obtain 4% weight of RuO2 in the calcined sample, which is thus denoted as
NP-4%.

1.2.3 Synthesis of RuCl3-4%
RuCl3-4% was prepared via a facile wet impregnation approach. After the
dissolution of RuCl3•3H2O in deionized water, this solution was mixed with SBA-15
powder. While stirring, the water was left to evaporate over one week, and the dry
powder was calcined at 350 oC for 4 h. RuCl3•3H2O was converted into RuO2. The ratio
of RuCl3•3H2O to SBA-15 powder was controlled to obtain 4 wt% of RuO2 in the
calcined sample, and it is thus denoted as RuCl3-4%.

1.2.4 Synthesis of RuO2 NPs Supported on Silica Colloidal Spheres (NP @ silica
spheres)
The silica spherical particles were prepared from a modified Stöber method.23
Briefly, 9.8 mL 20 wt% ammonia, 73.8 mL ethanol and 10.8 mL deionized water were
mixed together. Then 5.6 mL tetraethyl orthosilicate (TEOS) was added to the solution at
once. The mixture was kept stirring for 12 h. The colloids were centrifuged and redispersed in pure ethanol for 4 times, and then centrifuged and dispersed in H2O until the
pH of the solvent reaches ~ 7. The colloids were then centrifuged and dried, and then
used as the support for NPs. The preparation of NP @ silica spheres was similar to that of
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NP-4%, by dispersing and mixing 4 wt% of NPs and 96 wt% of the silica spheres in
water, evaporating the solvent, and then calcining at 350 oC for 4h.

1.2.5 Oxygen Evolution Tests
The performance of NP-4% for catalyzing water oxidation was tested at 20 ± 1 oC,
and compared to RuCl3-4%, commercial RuO2 powder and unsupported RuO2 NP.
Catalysts NP-4%, RuCl3-4% (0.5 mg), commercial RuO2, or NP (0.02 mg) were
suspended in 2.5 mL of 0.5 M H2SO4 by stirring the respective mixture for 3 days. The
reaction was initiated by the addition of 0.1 M Ce(SO4)2 solution to the suspension to
reach a concentration of 2 mM. The suspension was kept stirring throughout the reaction,
except for several seconds during spectral acquisition. The consumption of Ce(IV) ion
was calculated based on the absorbance of Ce(IV) at 410 nm.

1.3 Results and Discussion

1.3.1 Transmission Electron Microscopy (TEM)
The synthesized RuO2•xH2O NPs were imaged by TEM method. As is shown in
Figure 1.1, RuO2•xH2O consists of slightly aggregated nanoparticulates. The size of the
particles was estimated to be 1.6 ± 0.3 nm. This size is much smaller than the pore size of
standard SBA-15 material (7-8 nm), which ensures the successful loading of NPs into the
mesopores.
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The degree of loading was also monitored by TEM. In Figure 1.2a, it can be
clearly seen that the shadows representing RuO2 were well distributed in the material.
Except for the darker spots (examples indicated by arrows) resulted from slight
agglomeration of NPs, most of the shadow areas consist of dispersed NPs without
significant aggregation. The corresponding selected area electron diffraction (SAED)
pattern in the inset did not reveal any clear diffraction rings, indicative of the difficulty in
the crystallization of spatially confined RuO2 species. Upon careful inspection of the
entire sample of NP-4% by TEM, few large aggregates of RuO2 were located outside
mesoporous silica, confirming that RuO2 had predominantly diffused into the pores.
Occasionally, clusters of RuO2 particles aggregated from NPs were found near the
surface of mesoporous silica (Fig. 1.2b). Even in this area, the diameter of the particles
still matches that of the tubular pores, implying the confinement effect of the mesopores
against sintering induced agglomeration. In comparison, another sample denoted as
RuCl3-4% with the same content of RuO2 was prepared via wet impregnation of SBA-15
with RuCl3•3H2O, followed by 350 oC calcination to convert RuCl3•3H2O to RuO2. This
method resulted in dense RuO2 crystallites with comparatively low surface area (Figure
1.3). The comparison demonstrates that preformed RuO2 particle loading is crucial to
retain the small size and thus highly accessible active surface of the catalyst.
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Figure 1.1 TEM image of as-synthesized RuO2•xH2O NPs.

Figure 1.2 (a, b) TEM images of NP-4%. The inset in (a) is the corresponding SAED
pattern.
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Figure 1.3 TEM image of RuCl3-4% featuring crystallized RuO2 on the surface of SBA15.

1.3.2 X-ray Diffraction (XRD)
The crystallinity of RuO2 in different materials (Figure 1.4) was further
investigated by wide angle X-ray diffraction (XRD). Anhydrous RuO2 (Aldrich) was
measured as reference.21 All peaks corresponding to rutile-type RuO2 are distinguishable
in the pattern of RuCl3-4%, reaffirming the crystallinity observed in its TEM image. The
calcined NP-4% hardly displays any peaks, similar to uncalcined NP with low
crystallinity. For further comparison, 4 wt% of as-synthesized NP was first calcined and
then physically mixed with 96 wt% of SBA-15 by long-time grinding (calcined NP +
SBA-15). The presence of distinguishable (110), (101) and (211) peaks illustrates the
crystallization of RuO2 NP during calcination in the absence of the confinement by
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supporting silica. It was also confirmed that porous SBA-15 prevented significant
crystallization more effectively than non-porous spherical silica support (Figure 1.5).

Figure 1.4 Wide angle XRD patterns of uncalcined NPs, NP-4%, calcined NP + SBA-15,
RuCl3-4% and commercial RuO2.
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Figure 1.5 Wide angle XRD pattern of NP @ silica spheres (RuO2 NPs supported on
silica colloidal spheres), in comparison with the patterns of NP-4% and calcined NP +
SBA-15.
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1.3.3 Nitrogen Sorption
N2 adsorption-desorption isotherms (Figure 1.6a) of NP-4% and SBA-15 both
exhibit type-IV curves, representative of mesoporous materials. Only SBA-15 exhibits a
standard H1 hysteresis loop; NP-4% differs from SBA-15 in the desorption branch at P/P0
= 0.45-0.6, where the convergence of adsorption and desorption branches is delayed. The
hysteresis loop is also different from typical H2-type in which a single steep desorption at
relatively low pressure results from narrow entrances to the internal pores. These
differences suggest that the internal channels, instead of the entrances, were locally
narrowed by the loaded nanosized RuO2, which hindered the evaporation of adsorbed
nitrogen inside during desorption. In Figure 1.6b, the pore size calculated from the
adsorption branch of NP-4% and SBA-15 is centered at 7.4 nm and 7.6 nm, respectively.
Estimated from the desorption branch of NP-4%, additional distribution appears around
4-5 nm representing the narrowed “neck”, which is 1-2 nm smaller than the most
probable diameter at 6 nm in both SBA-15 and NP-4%, coinciding with the size of
original NPs. The specific area of NP-4% is 531 m2g-1, 92% of SBA-15 (575 m2g-1),
while the pore volume is 0.68 cm3g-1, 91% of SBA-15 (0.75 cm3g-1). The small reduction
of surface contact and porosity of the mesoporous carrier reveals no significant pore
blockage due to the loaded NPs, critical for the retention of catalytic activities.
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Figure 1.6 (a) Nitrogen sorption isotherms of NP-4% and SBA-15, and (b) the
corresponding pore size distributions (1.7 nm - 12 nm) calculated from adsorption (solid)
and desorption (hollow) branches via the Barrett-Joyner-Halenda (BJH) method. The
isotherm of SBA-15 is offset vertically by 150 cm3g-1 and the pore distribution of SBA15 is offset by 0.4 cm3g-1nm-1.

13
1.3.4 Catalysis
As can be seen in Figure 1.7, the conversion of Ce(IV) to Ce(III) was only 5% for
commercial RuO2 and 22% for RuCl3-4% after 1.5 h, while NP-4% catalyzed a 98%
conversion of Ce(IV) within 25 min. The initial turnover frequency (TOF) of NP-4%,
defined as the initial rate of the consumption of Ce(IV) ion per RuO2 molecule per
second, is calculated as 0.27 s-1, which is 180 and 280 times faster than RuCl3-4% and
commercial RuO2, respectively. Different from other suspensions, unsupported NP
severely agglomerated and precipitated out of the suspension in seconds after the addition
of Ce(SO4)2, which made the quantification via UV-vis measurement difficult. Instead,
the final [Ce(IV)] was obtained by measuring the absorbance of the remaining solution
after the removal of RuO2 solid by centrifugation. Nevertheless, at 1.5 h 86%
consumption of Ce(IV) was reached, demonstrating the efficiency of the NP structure for
catalysis. In a separate control experiment, NPs was immobilized on non-porous siliceous
colloidal spheres, which facilitate a reaction faster than that catalyzed by the unsupported
NP, but significantly slower than the reaction by NP-4% (Figure 1.8).
The TOFs of the previously reported water oxidation reactions catalyzed by RuO2
are listed in Table 1.1 (see Appendix A for detailed calculation and analysis). Mills et al.
compared their RuO2 series to literature results and found the superiority of their samples
over otherwise obtained RuO2 catalysts.24 However, their best example, RuO2 particle
Ru-Adam(500) is only 19% as efficient as ours. The recent example6 of TiO2 supported
RuO2 has a TOF estimated to be approximately 0.02 s-1. The laboratory of Bruce reported
water oxidation facilitated by RuO2 nanoparticles (~ 2.5 nm) embedded in 2.7 nm silica
mesopores with a TOF of 0.038 s-1.17 For the sake of comparison, the activity of NP-4%
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was tested in 1.0 M H2SO4 to warrant an identical pH to that of Bruce, and a TOF of 0.11
s-1 was obtained, which is about three times faster than theirs. This improvement with
NP-4% illustrates the advantage of the larger pore size in SBA-15.
Oxygen gas produced in the headspace was monitored by gas chromatography
(GC) (Fig. 1.7b). O2 dissolved in water or trapped in the headspace was removed by
vacuum and replaced by N2 before the reaction started. Under the same conditions, 90%
of the theoretical yield of O2 was released from the reaction with NP-4% in 20 min, 35%
with the unsupported NP, 4.6% with RuCl3-4% and 1.6% with commercial RuO2. It is
noted that the O2 evolution is slower than the consumption of Ce(IV). Also, the kinetics
includes an induction period with a slow initial rate before an exponential decay. It is
possible that the O2 produced was dissolved in water initially, and only released into the
headspace after the solution was saturated. Nevertheless, in the example of NP-4%, 96%
of O2 was detected at t = 2000 s, while 98% of Ce(IV) was consumed, indicating that the
oxidation catalyzed by NP-4% is nearly quantitative.
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Figure 1.7 (a) The residual [Ce(IV)] (%) over time, catalyzed by NP-4%, RuCl3-4% and
pure RuO2. (b) The O2 evolution catalyzed by NP-4%, RuCl3-4%, unsupported NPs and
bulk RuO2. The 100% production of oxygen corresponds to the stoichiometric yield.
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Figure 1.8 The Ce(IV) consumption rate of NP @ silica spheres compared to that of NP4%.
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Table 1.1 TOF values and reaction conditions of water oxidation facilitated by
representative RuO2-based catalysts.

Sample

TOF (s-1)

T (oC)

Acid

0.27

20

0.5 M H2SO4

Ref

-

NP-4%
0.11

20

1 M H2SO4

Ru-Adam(500)

0.052

30

1 M HClO4

24

RuO2•yH2O

0.034

30

1 M HClO4

9,10,24

RuO2 on TiO2

~0.02

N/A

1 M HClO4

6

RuO2-loaded
mesoporous silicate

0.038

25

1 M H2SO4

17
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Figure 1.9 (a) The consumption of Ce(IV) and (b) the production of O2 over 15 cycles.
The number (n) for each curve indicates the nth cycle.
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The recyclability of NP-4% was tested under the same conditions, in which every
new cycle was simply initiated with the addition of Ce(SO4)2 to regain the concentration
of 2 mM. Both the decrease in [Ce(IV)] and evolution of O2 are shown in Figure 1.9. The
catalyst remained active after 15 cycles, corresponding to a turnover number (TON) of at
least 200. The apparent decrease in the reaction rates upon recycling is likely attributed to
the reduction in the electrode potential of the Ce(IV/III) couple caused by the
accumulation of Ce(III). Nevertheless, a 80% conversion was achieved in 1.5 h on the
15th cycle. In contrast, the reactivity of unsupported NP quickly diminished as evidenced
by a < 20% conversion at 3 h in the fifth cycle (Figure 1.10). This is caused by the severe
agglomeration of RuO2 NPs over the course of reaction. This comparison suggested that
loaded RuO2 NPs were mostly immobilized in the pores and thus retained their catalytic
activity.
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Figure 1.10 The residual [Ce(IV)] (%) over time at the fifth cycle of reaction, catalyzed
by unsupported RuO2 NPs.

1.4 Conclusion
In summary, mesoporous silica supported RuO2 was prepared for the first time via
the impregnation of pre-synthesized RuO2 nanoparticulates. It was demonstrated that
RuO2 NPs were immobilized into the pores with very low degree of aggregation and
crystallization, and thus with high surface area and easy accessibility. It has the highest
TOF (0.27 s-1) among all reported RuO2-based catalysts under similar conditions, as well
as a high TON of >200. The optimization of synthetic conditions and the kinetic study of
this type of catalysts will be reported in Chapter 2 and 3.
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CHAPTER 2
MESOPOROUS SILICA SUPPORTED RUTHENIUM OXIDE
NANOPARTICULATES AS EFFICIENT CATALYSTS FOR PHOTO-INDUCED
WATER OXIDATION

2.1 Introduction
Hydrogen gas has long been considered as an environmentally benign and
renewable alternative to carbon fuels. A central thrust of current research on hydrogen
generation focuses on the photo-induced water splitting.1 The development of viable and
efficient catalysts that facilitates O2 production remains the major challenge in the study
of the corresponding half-reaction of water oxidation.2 A widely used approach in testing
photocatalysts involves Ru(bpy)32+ (bpy = 2,2’-bipyridine) as the photo-sensitizer3 and
S2O82- as the sacrificial oxidizing agent. The overall net reaction can be expressed as:4,5
2 S2O82- + 2 H2O + 2 hv

4 SO42- + O2 + 4 H+

(2.1)

Heterogeneous catalysts free of organic auxiliary ligands, especially metal oxide
catalysts, are advantageous over homogeneous catalysts in the stability, recyclability and
ability to realize the multi-electron transfer process in O2 evolution. For the development
of heterogeneous metal oxide catalysts, minimizing the size of catalyst and preventing
severe aggregation are the keys to obtaining high turnover number (TON) and improving
the photon utilization efficiency and turnover frequency (TOF). To achieve these goals,
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the utilization of porous support materials has been developed. A series of porous silica
supported, nanosized metal oxide catalysts have been reported as active catalysts for H2O
oxidation, including RuO2,6 IrO2,6,7 Co3O48 and MnxOy.9 These reports demonstrated
significant improvement in catalytic activity and/or stability compared with unsupported
or bulk metal oxides. Nonetheless, several important performance bench marks, such as
the non-stoichiometric production of O2 and/or low quantum efficiency, remain to be
improved.
RuO2 has been known as one of the most active metal oxide catalysts for water
oxidation since the late 1970s.10-13 Lehn et al. reported a series of Y-zeolite supported
RuOx and RuOx-IrOx as the catalysts for photo-induced water oxidation around 1980.6 A
similar series of RuO2/Y-zeolite based catalysts was reported by Das et al. in 1998,14 in
which transmission electron microscopy (TEM) images clearly showed that after the
thermal treatment, the loaded RuO2 actually migrated out of the micropores and
aggregated into larger clusters on the surface. This observation is supported by a X-ray
photoelectron spectroscopy (XPS) study of Ru and RuO2 in zeolite-Y.15 Nevertheless,
these reports demonstrated the excellent catalytic performance of RuO2, as well as the
positive effect of zeolite supports on enhancing the dispersion and surface area of
catalysts. Recently, our group reported the preparation of nanoparticulate (NP) RuO2
supported on mesoporous silica SBA-15 (NP1; previously denoted as NP-4%) and its
catalytic application for water oxidation using the sacrificial oxidant CeIV.16 NP1 was
proven quite robust as its TON exceeded 200, and also the most efficient among all
RuO2-based catalysts, including a similar mesoporous silica supported RuO2 catalyst
reported by King et al.17 The high efficiency of NP1 was largely attributed to the high
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effective surface area of supported RuO2, which was retained through the confinement
effect of the mesoporous host that prevents RuO2 nanoparticulates from extensive
aggregation during both the post-treatments and catalytic experiments. Reported herein
are the further improvement of NP synthesis to yield NP2, and its utility in catalyzing
photo-induced water oxidation. A comparison with other RuO2 catalysts as well as other
metal oxides reveals NP2’s excellent capacity in O2 yield, reaction rate and quantum
efficiency.

2.2 Experimental

2.2.1 Synthesis of RuO2•xH2O Nanoparticulates
RuO2•xH2O NPs were prepared via hydrothermal treatment of RuCl3•3H2O
aqueous solution.18 A 20 mM RuCl3•3H2O solution was kept in a Teflon-lined autoclave
with a stainless steel shell. The autoclave was heated to 180 C in an oven. It was then
cooled to room-temperature naturally after being kept at 180 C for 4 h. RuO2•xH2O
particulates were almost quantitatively obtained by centrifugation and then washed with
deionized water for several times until the rinse reached pH 7. The precipitates were
completely dried under vacuum for several days at room temperature.
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2.2.2 Synthesis of NP1
The synthesis of mesoporous silica SBA-15 powder followed previous
literature.19 After the dried NPs were re-suspended into deionized water by stirring for 3
d and sonicating for 1 h, SBA-15 was immersed into the aqueous suspension of NPs.
While stirring, the water was slowly evaporated over one week, and then the dry powder
was calcined at 350 oC for 4 h. The ratio of RuO2 suspension to SBA-15 powder was
controlled to obtain 4% weight of RuO2 in the calcined sample, and it is thus denoted as
NP1 (previously NP-4%).

2.2.3 Synthesis of NP2
After RuO2•xH2O was re-dispersed in water, instead of being directly mixed with
SBA-15, the suspension was kept static without stirring for one week. The dispersion
retained a dark black color with agglomerated RuO2•xH2O precipitated at the bottom.
After decantation, the fine suspension was mixed with SBA-15 with the same weight
percentage of RuO2•xH2O as for NP1. The concentrations of RuO2•xH2O in the
suspension before and after the sedimentation were measured as 3.0 and 0.8 mg/ml,
respectively. The remaining steps for immobilization were identical to those of NP1, and
the resultant supported RuO2 was named NP2. The actual loading of RuO2 is 4.0 ± 0.3
wt%, estimated based on the weight increase from SBA-15 to NP2, as well as on the
mass of dried precipitate after decantation. Scheme 2.1 illustrated the procedures to
obtain NP1 and NP2.

Scheme 2.1 The synthetic procedures for (a) NP1 and (b) NP2.

27

28
2.2.4 Synthesis of RuCl3-4%
RuCl3-4% was prepared via a facile wet impregnation approach. After the
dissolution of RuCl3•3H2O in deionized water, this solution was mixed with powder
SBA-15. While stirring, the water was slowly evaporated over one week, and then the dry
powder was calcined at 350 oC for 4 h. RuCl3•3H2O was thus converted into RuO2. The
ratio of RuCl3•3H2O to SBA-15 powder was controlled to obtain 4% weight of RuO2 in
the calcined sample, and it is thus denoted as RuCl3-4%.

2.2.5 Catalysis
NP2 and NP1 were tested for the catalysis of photo-induced water oxidation. For
comparison, the same reactions were also tested for RuCl3-4% and commercial
unsupported bulk RuO2. For each reaction, 12 mg supported catalyst or 0.48 mg bulk
RuO2 (3.6 μmol RuO2, 1 eq.) was dispersed in Na2SiF6/NaHCO3 buffered solution (pH =
5.4) with 1 eq. Ru(bpy)3Cl2·6H2O, 9 eq. Na2S2O8 and 45 eq. Na2SO4. Light source at the
wavelength of 454 nm was used to excite the sensitizer. Oxygen sensor Ocean Optics
FOSPOR-R was adapted for real-time monitoring of evolved oxygen in the headspace.
Leaking of the gas in the headspace was either negligible (< 1% of the yield within 24 h)
or calibrated, and additional light harvesting due to outside light leaking into the reaction
system was minimal (< 1%). The detailed calculations involved in the discussion section
can be found in Appendix B.
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2.3 Results and Discussion

2.3.1 Transmission Electron Microscopy (TEM) and X-ray Diffraction (XRD)
Figure 2.1a shows a typical TEM image of NP2. The shadowed areas in this
image are attributed to RuO2 nanoparticulates. The shadows are light in grayscale, and
quite scattered throughout the porous framework, indicating the excellent dispersion of
RuO2 within the pores. Furthermore, this image revealed hardly any noticeable dark spots
that were observed in the TEM image of NP1,16 suggesting a low degree of aggregation
of RuO2 in NP2. Figure 2.1b shows a high resolution TEM image close to the surface of
silica support, where the particles tend to seriously agglomerate. However, in this case
the RuO2 nanoparticles within the mesopores at the upper side of this image are
adequately separated, and on the disordered silica surface the spots with sizes around 10
nm consisted of only 3-6 distinguishable particles.
Supported oxygen-evolving catalysts with such small particle sizes are scarce. For
instance, Co3O4/SBA-158 and MnOx/KIT-69 composites prepared in Frei’s group consist
of catalyst particles larger than 50 nm. In 2012, Jiao reported the formation of Co3O4 with
25 nm particle size in KIT-6.20 The only supported catalyst with comparable size of RuO2
was reported by King et al,17 where a very elaborate synthetic path intrinsically dictated
the smallness of the mesopores (<3 nm) and the limited exposure of the catalysts that
were embedded in silica walls. These factors possibly restricted the mass transfer within
the pores and the contact between the liquid phase and the nanoparticles, leading to
slower water oxidation than that of NP1.16 It is worth mentioning that in Figure 2.1b the
ordering of mesopores started deteriorating under the intense electron beam while the
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nanoparticles stayed intact. Figure 2.2 shows the same area less exposed to electron
beam, where mesoporous ordering was better preserved. The robustness of dark particles
under intense electron beam is consistent with the fact that these darker sites consist of
RuO2 rather than silica.17 The arguments above confirm that the sedimentation procedure
effectively removed the majority of the aggregated RuO2 and thus resulted in dispersed
distribution of nanoparticulates in the framework, and RuO2 remained as nanoscale
particulates without serious fusion during loading and calcination. This conclusion is
further supported by the powder X-ray diffraction patterns (Figure 2.3). Compared to
submicron-size RuO2 supported on SBA-15 (denoted as RuCl3-4%16) and commercial
bulk anhydrous RuO2, both of which yielded peaks characteristic of rutile-structured
RuO2, neither of NP samples showed distinguishable peaks. This is indicative of the low
degree of merging and crystallization8,9 of RuO2 due to the restriction effect of silica
walls on RuO2 aggregation.

Figure 2.1 (a, b) TEM images of NP2.
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Figure 2.2 The TEM image of NP2, where the circled area roughly corresponds to Figure
2.1b. With lower magnification and much shorter time of exposure under electron beam,
a better ordering of nanoporous structure rendered, compared to that in Figure 2.1b.
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Figure 2.3 Powder XRD patterns of NP2, NP1, RuCl3-4% and commercial bulk RuO2.
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2.3.2 Nitrogen Sorption
The effect of catalyst loading on the porosity of SBA-15 was analyzed with
nitrogen sorption experiments. The BET areas of NP2 and NP1 are 534 and 531 m2/g-1,
and pore volumes obtained at P/P0 = 0.99 are 0.70 and 0.68 cm3/g-1, respectively. The
reduction in both surface areas and pore volumes of the two samples compared to that of
original SBA-15 (575 m2/g-1 and 0.75 cm3/g-1) are only 7%-9%, indicating the scarcity of
mesopore blockages by the loaded catalysts. Figure 2.4a shows the isotherms of SBA-15,
NP2 and NP1. SBA-15 and NP2 exhibit typical H1 hysteresis loops. NP1 differs in the
desorption branch where the convergence of adsorption and desorption branches is
postponed to P/P0 ~ 0.45, in comparison with ~ 0.6 for SBA-15 and NP2. The delayed
convergence of two branches often happen to pores possessing bottleneck-type structure
where the entrance is smaller than the internal pore.21 For NP1 the characteristic two-step
desorption branch and the delayed convergence therefore indicate that RuO2 is
successfully loaded into the pores, although there exist a fraction of the entering or
internal pores narrowed by the catalyst.22 The lack of such characteristics in NP2 thus
suggests that RuO2 nanoparticulates are scattered enough that the pore size is not
influenced by their loading. The pore size distributions (Figure 2.4b) also show that all
three samples possess the same pore diameter of 7-8 nm (from adsorption branches), but
only NP1 has mesopores partially narrowed by loaded catalyst (indicated by the
additional distribution at 3.5-6 nm in the desorption branch).
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Figure 2.4 (a) Nitrogen sorption isotherms of SBA-15, NP2 and NP1, and (b) the
corresponding pore size distributions (2-12 nm) calculated from adsorption (solid) and
desorption (hollow) branches via the Barrett-Joyner-Halenda (BJH) method. The
isotherms of NP2 and SBA-15 are offset vertically by 200 and 400 cm3/g, and the pore
diameter distributions of NP2 and SBA-15 are shifted by 0.4 and 0.8 cm3g-1nm-1,
respectively.
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2.3.3 Catalysis
Figure 2.5a shows the percentage of oxygen generated based on the stoichiometry
related to oxidant Na2S2O8, where 100% yield corresponds to the complete conversion of
Na2S2O8 to O2. The initial TOF of each sample, defined as 4 times (because the oxidation
of water is a 4e- process) the rate of the generation of O2 per RuO2 unit per minute right
after the induction period, could be calculated based on linear fitting of the data between
5 min and 15 min (every adjusted R2 for the fitting is 0.997 or higher), with the induction
period of 0-5 min truncated. The calculated TOFs and the yields of O2 (at 150 min) are
1.64 min-1 and 95%, 1.48 min-1 and 88%, 0.84 min-1 and 61%, and 0.52 min-1 and 40%
for NP2, NP1, RuCl3-4% and bulk RuO2, respectively. The NP series, especially NP2,
shows excellent performance in achieving both a high TOF and a nearly quantitative O2
yield. Lehn6 and Dutta14 used RuOx/Y-zeolite composites for photo-induced water
oxidation. The TOFs and yields of O2 (after 150 min or longer) for their best samples
were estimated to be 0.24 min-1 and 31%, and 0.11 min-1 and 30%, respectively. Recently
Yoshida group reported the incorporation of RuO2 nanoparticles into polymer gel.23 The
roughly calculated TOF and yield of this system is as high as 1.0 min-1 and 20%,
respectively. Although a direct comparison is difficult to make because of the difference
in test conditions (temperature, photon influx, concentrations of chemicals and oxidizing
agents), it is clear that the NP series enables much higher O2 yields. It is also noteworthy
that the O2 yield for NP2 is exceptionally high compared to other metal oxides under
catalytic conditions similar to ours, e.g. 35-65 nm size MnxOy nanobundles (55%)9 and
70-90 nm Co3O4 nanoclusters (58%)8 supported on mesoporous silica, Co ions embedded
in porous aluminum phosphate (17%),24 as well as unsupported particles of IrO2 (69%),25
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LaCoO3 (74%)26 and NiFe2O4 (74%).27 The excellence of NP2 in the catalysis of water
oxidation can be attributed to the intrinsically high activity of Ru species towards water
oxidation, and the smaller size and better dispersion of RuO2 naoparticulates. It is known
that photo-excited Ru(bpy)32+* is oxidized by S2O82- to Ru(bpy)33+, which is subject to
degradation from the nucleophilic attack of water and OH- before reaching the surface of
catalyst where the electron transfer from the catalyst to Ru(bpy)33+ happens.24,27,28 Hence,
the easy accessibility and high surface area of RuO2 in NP2 facilitates water oxidation on
the surface of RuO2, which contributes to a high TOF; the faster surface reaction reduces
the loss of Ru(bpy)33+ through the competitive decomposition path.
Because of the difference in reaction conditions, it is impractical to make direct
comparison of various catalytic systems on the basis of O2 evolution rate and TOF. To
further compound the problem in the comparison with other literature reports of
photocatalytic reactions, the photon influxes in different experimental setups are hardly
comparable or often not clarified in the papers. Hence, a meaningful comparison with
literatures should be based on quantum efficiency (Φ). In this report, the photon-influx
from the light source to the cuvette was measured via chemical actinometry,29 and then
both the cumulative and instantaneous Φ of the overall reaction system were estimated
based on the equations below:30

Cumulative Φ

2

O molecules produced since 0 min
photons absorbed since 0 min

100%

2.2
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Instantaneous Φ

2

rate of O molecules production at time
rate of photon absorption at time

100%

2.3

Figure 2.5b provides a qualitative trend of Φ: it rose after the induction period,
peaked at 8 min (for both NP2 and NP1), 9 min (RuCl3-4%) or 12 min (bulk RuO2), and
then gradually decayed. In addition, the order of photon utilization efficiency is as
follows: NP2 > NP1 > RuCl3-4% > bulk RuO2. The highest instantaneous Φ for NP2 is
31%, evident of the excellent photon utilization efficiency of NP2 system. Cumulative Φ
data similarly prove that the series of RuO2 catalysts, especially NP2, utilizes the photon
energy more efficiently: at 50 min, the cumulative Φ is 11.3%, 10.0%, 6.5% and 4.4% for
NP2, NP1, RuCl3-4%, and bulk RuO2, respectively. Supported metal oxide IrO2,31,32
Co3O4,8 and MnxOy9 nanoparticles have reported Φ values of 11%, 18% and 11%,
respectively. However, these reported Φ values were based on the initial rates of oxygen
evolution, which do not reflect the true cumulative Φ throughout the entire course of
reaction. In the present study, the maximal instantaneous Φs (at ca.10 min) are above
25% for both NP1 and NP2, which are significantly higher than that of the
aforementioned catalysts.
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Figure 2.5 (a) Oxygen gas evolution catalyzed by NP2, NP1, RuCl3-4% and bulk RuO2;
(b) instantaneous (solid lines) and cumulative (broken lines) Φs of corresponding
reactions.
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Figure 2.6 The evolution of oxygen gas catalyzed by NP2 at different cycles. For the
numbered cycle n-m, the first number n indicates the nth cycle of reaction catalyzed by
NP2 dispersed in new or renewed solution, and m indicates the mth cycle initiated by
adding Na2S2O8 solution to the existing reaction suspension without separation and redispersion of NP2.

The recyclability of NP2 was then tested (Figure 2.6). After the initial run, two
subsequent runs were initiated by simply injecting concentrated Na2S2O8 to the reaction
system to reach its original concentration, which resulted in the curves of 1-2 and 1-3.
Compared to the original 1-1, re-initiated runs clearly slowed down with lower yields of
oxygen, which are attributed to the oxidative decomposition of the photo-sensitizer.9,33 A
different set of recycle experiments were adopted to eliminate the factor of photosensitizer degradation: the supported catalyst was centrifugated and re-dispersed in a
freshly prepared reaction solution with other compositions identical to the initial run.
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Such recovery / reinitiation cycles were repeated for five times and yielded the oxygen
evolution curves named as 2-1, 3-1, 4-1, 5-1 and 6-1. While the kinetics of oxygen
production varied slightly over recycles, the catalyst largely retained O2 conversion ratio
over 5 recycles, generating 95%-86% of the theoretical amount of oxygen gas at 150 min.
It can be inferred that there was a minimal aggregation or leaking of RuO2, otherwise
both the conversion ratio and rate would remarkably deteriorate as observed in the case of
unsupported nanoparticulate RuO2 catalyzing CeIV-induced water oxidation.16 Since the
catalyst remained quite active after the sixth recycle, the real catalytic capability for
conversion should substantially exceed TON (4 × moles of O2 produced / moles of RuO2)
of ~200 roughly calculated from the first six runs.

2.4 Conclusion
In conclusion, the preparation of mesoporous silica supported RuO2
nanoparticulates has been optimized to better the dispersion and even distribution of
RuO2 in the mesoporous framework. Thus obtained NP2 exhibited higher catalytic
efficiency in photo-induced water oxidation over other RuO2 catalysts, and excellent
yield and quantum efficiency over most of the metal oxide catalysts in literature. It has
the potential to be incorporated into photo-induced water splitting catalytic system as an
efficient O2 evolution co-catalyst.
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CHAPTER 3
KINETIC STUDY OF WATER OXIDATION CATALYZED BY RUTHENIUM
OXIDE NANOPARTICULATES SUPPORTED ON NANOPOROUS SILICA

3.1 Introduction
It is of fundamental interest for scientists to develop artificial photosynthesis
systems towards the photo-induced splitting of water into O2 and H2, the latter being a
sustainable and green energy source.1-3 One of the biggest challenges in photo-induced
water splitting lies in the development of efficient catalysts for the oxidation of water as a
half-reaction of water splitting:
2H2O  O2 + 4H+ + 4e-

(3.1)

The fact that it involves a 4-electron process and requires highly oxidizing conditions
makes water oxidation the far more difficult half-reaction, and therefore the discovery of
efficient and robust catalysts for water oxidation remains the bottleneck of the
development of artificial photosynthetic systems. Considered state-of-the-art in terms of
feasible industrialization are heterogeneous catalysts, especially transition metal oxides.
So far IrO2,4,5 RuO2,5 MnxOy,6 CoOx,7 PtO2,8 LaCoO39 and NiFe2O410 have been reported
catalytically active. Pioneered by a series of studies by Mills and Grätzel,11-15, RuO2 has
been extensively studied over the past 30 years as one of the most efficient catalysts,
often using Ce4+ as the sacrificial electron acceptor:
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Ce4+ + e-  Ce3+

(3.2)

Combined with eqn. 1, Ce4+ consumes the electrons generated by water oxidation:
4Ce4+ + 2H2O  4Ce3+ + 4H+ + O2

(3.3)

The studies conducted by Mills et al. suggest that a high surface area of active RuO2
played a key role in achieving a high efficiency.15,16
Our group recently reported the preparation of nanoporous silica supported RuO2,
via a facile wet impregnation method to immobilize pre-synthesized RuO2
nanoparticulates (NPs) into nanoporous silica SBA-15 (RuO2@SBA-15).17 This sample,
originally named NP-4%, will be referred to as NP1 for an easier comparison with NP2
(see CHAPTER 2), another RuO2@SBA-15 catalyst optimized to obtain better dispersion
and less aggregation of RuO2, as well as minimal blockage of nanopores. In both cases,
the nanoporous silica support played an essential role in retaining the small size and thus
high surface area of RuO2 NPs. The NP series, especially NP2, was demonstrated to be
the most active of all RuO2-based water oxidation catalysts. Their reusability and
efficiency are also among the best for heterogeneous catalysis. However, although some
results of the reactions catalyzed by NP1 and NP2 have were reported, no systematic
kinetic study of Ce4+-driven water oxidation has been conducted for either of the NP
series. In addition, preliminary results showed that the kinetics of the reaction catalyzed
by NP1 with respect to [Ce4+] was neither first order nor second order (similarly for NP2,
as detailed in this paper),17 an abnormal phenomenon that calls for further investigation
and mechanistic explanation .
Various Ru-based homogeneous organometallic catalysts have been developed
and tested for water oxidation, using Ce4+ as the sacrificial oxidant.18-21 Although these
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papers all reported first-order kinetics with respect to the catalyst concentration, both
zeroth20,22 and first21 orders have been observed in [Ce4+]. On the other hand, the Ce4+ ion
consumption catalyzed specifically by heterogeneous RuO2, in form of unsupported bulk
or micro-sized catalysts, has been thoroughly investigated by Mills et al.11-16 They
established an electrochemical model based on Wagner-Traud additivity principle,
assuming that the catalyst works as combined electrodes on which both the reduction and
oxidation half-reactions happen. Because the charge transfer between Ce4+ and Ce3+ is
fast, the rate of Ce4+ reduction (eq. 1) is only limited by Ce4+ and Ce3+ ion diffusions to
and from the RuO2 surface. The relationship between the cathodic potential Ec, or the
mixed potential Emix, and the current ic, therefore is expressed as:
Emix = Ec = ECeo + (RT/ZCeF) ln [(ic-il,c)/(il,a-ic)]

(3.4)

ECeo is the standard potential of Ce4+/Ce3+ pair (1.44 V vs. SHE), ZCe is 1 as it is an
monoelectronic process, ic the current per cm3 of suspension, and il,c and il,a the limiting
cathodic and anodic current, respectively. On the other hand, the O2 generation (eqn. 2) is
dominated by surface activation, which implies an exponential correlation between the
anode current ia and the anodic potential Ea, or the mixed potential Emix:
ia = ZO2kO2FA exp [αZO2F(Emix-EO2o)/RT]

(3.5)

where ZO2 is equal to 4, number of electrons transferred in a single reaction, EO2o is the
standard potential of 1.23 V for the O2/H2O pair, kO2 is the rate constant for water
oxidation at standard potential, A is the surface area of the catalyst in a unit volume, and
α is a charge transfer coefficient. From these two equations, combined with the linear
relationship between the current and the rate of reaction, and the fact that the anodic and
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cathodic currents cancel each other to reach the charge balance (ic = -ia), the kinetics of
water oxidation can be simulated and predicted. This model also successfully explained
the unusual reaction orders in [Ce4+] they observed in different conditions. However,
there has been no direct evidence that this model can be applied to supported and/or
nanosized RuO2 catalysts. Besides, this model was rarely used for other water oxidation
catalysts. In addition, this model appeared contradictory to a recently reported case of
nanosized RuO2 catalyst supported on mesoporous silica, for which the kinetics of water
oxidation stayed first-order with respect to [Ce4+].23
In this paper, we are going to design a series of experiments to test and extend the
applicability of this model to the catalytic water oxidation by nanoporous silica supported
nanosized RuO2, NP2. Additional analysis and discussion, including that about the
reaction order dependency, is also performed. The clarification of the kinetics will shed
light on the study of the mechanism of water oxidation, which should benefit the future
design of related catalysts.
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3.2 Experimental

3.2.1 Chemicals
For the synthesis of mesoporous silica SBA-15, the triblock copolymer
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) Pluronic P123
(EO20-PO70-EO20) and tetraethyl orthosilicate (TEOS) were purchased from Aldrich.
Ruthenium oxide anhydride (99.9%) and cerium(IV) sulfate were also obtained from
Aldrich. Ruthenium chloride trihydrate (RuCl3•3H2O) was purchased from Pressure
Chemical Co. All the chemicals were used as received without further purification.

3.2.2 Preparation of Unsupported RuO2•xH2O and Supported NP1
SBA-15 was synthesized according to reported procedures.24 The preparation of
nanoparticulate RuO2•xH2O was conducted based on procedures modified from
literature.25 A 20 mM RuCl3•3H2O aqueous solution was placed in a Teflon-lined
autoclave shelled with a stainless steel mantle. It was heated to 180 oC, kept at this
temperature for 3 h, and then cooled to room temperature. RuO2•xH2O was collected by
centrifugation and washed with deionized water. This procedure was repeated several
times until the rinsing became pH neutral. The black product was finally dried at room
temperature (unsupported NP). To obtain NP1, unsupported NP was re-dispersed in
deionized water under stirring for 3 d, at a concentration of 3.0 mg RuO2•xH2O per mL
water. With a controlled mass ratio of 4 RuO2•xH2O : 96 SBA-15, the suspension and
SBA-15 powder was mixed by stirring. The water was slowly evaporated over the course
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of one week at room temperature while stirring. The dried product was calcined in the
furnace at 350 oC for 4 h, at a ramp rate of 2 oC/min, and finally cooled to room
temperature.

3.2.3 Preparation of NP2
The preparation of unsupported NP was identical to the description above. After
the rinsed RuO2•xH2O was re-dispersed in water under stirring for 3 d, instead of directly
mixing it with SBA-15, the suspension was kept static without stirring for one week. The
dispersion retained a dark black color, with the agglomerated RuO2•xH2O settling at the
bottom. The precipitate was carefully collected by decantation, and then dried under
vacuum. By weighing the dried powder, the concentrations of RuO2•xH2O was calculated
as 0.80 ± 0.04 mg/mL, with a 73% reduction from NP1. The dilute suspension was then
mixed with SBA-15 at the same weight ratio of 4 RuO2•xH2O : 96 SBA-15 as for NP1.
The remaining procedures were identical to those for NP1.

3.2.4 Characterization
Transition electron microscopy (TEM) images were recorded by Philips Tecnai
20 electron microscope. Powder X-ray diffraction (XRD) patterns were measured on
PANalytical MRD X'Pert Pro High Resolution XRD with Cu Kα radiation. Nitrogen
adsorption/desorption isotherms were recorded at 77 K on a Micromeritics ASAP 2000
Physisorption Analyzer. The specific surface areas were calculated by the Brunauer-
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Emmett-Teller (BET) method, and the pore size distributions were calculated using the
Barrett-Joyner-Halenda (BJH) model.

3.2.5 Catalysis
To test the activity of catalysts, 2.5 mL of suspension consisting of 0.5 mg/mL
supported catalyst or 0.04 mg/mL unsupported bulk RuO2 (other catalyst concentrations
used were detailed in Results and Discussion) and 0.5 M H2SO4, was kept in a cuvette
and capped with plastic lid. The dispersion of catalyst in the suspension was maximized
through vigorous stirring for 3 d before each run. 0.5 M H2SO4 aqueous solution without
catalyst was used as the blank. For the five recycles, every new cycle was simply initiated
by the addition of Ce(SO4)2 to regain the original concentration. Unless otherwise
specified, the volume of 0.1 M Ce(SO4)2 added each time was 50 μL for the target
concentration of 2 × 10-3 M. UV-vis spectra were taken in a Jasco V-670
spectrophotometer to monitor the decay of [Ce4+]. The suspension was kept stirring at a
constant rate of 700 rpm throughout the reaction, except for several seconds during
absorbance data acquisition. For suspensions with different concentrations of Ce4+, timecourse measurements were conducted at the wavelength of either 320 nm (ε = 5580 M-1
cm-1) or 430 nm (ε = 290 M-1 cm-1).
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3.3 Results and Discussion
Figure 3.1 summarized the [Ce4+]-time relation for the five cycles of water
oxidation catalyzed by NP2. From the first to the firth run, the initial turnover frequency
(TOF) is calculated to be 0.90, 0.41, 0.073, 0.037 and 0.018 s-1, respectively. NP2 is
significantly more active compared to NP1, of which the TOFs are 0.27, 0.052, 0.10,
0.036 and 0.012 s-1 for the first five cycles.17 The consumption rate of CeIV decreases
with each recycle, which indicates the hindering effect of the reducing species CeIII that
accumulates with continuous catalytic runs. Despite the superiority of NP2, NP1 was also
demonstrated at least two orders of magnitude faster than commercial bulk RuO2 in
catalyzing water oxidation. To explain the difference in catalytic efficiency, the different
structures of NP series and bulk RuO2 are illustrated in Scheme 3.1. The size of single
supported NP1 or NP2 composite particle is predetermined by that of the supporting
SBA-15, which varies from several hundreds of nanometers to several micrometers,
comparable to that of the RuO2 bulk. However, in the NP series the catalytic active RuO2
possesses much higher surface area than in bulk RuO2. Assume that bulk RuO2 has an
average particle size of 6.8 μm, as measured for one of the best unsupported RuO2
samples for the catalysis of water oxidation,26 the specific surface area of it is
theoretically 1/18,000,000 of that of RuO2 (1.6 nm) in NP series. The actual difference in
accessible surface area could be smaller, considering factors such as the surface
roughness of bulk RuO2 which increases the surface area, and the aggregation and growth
of RuO2 NPs that lowers the accessibility of RuO2. Nevertheless, the contrast in the
surface area of catalyst predicts the substantial difference in catalytic efficiency. The
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comparison between NP1 and NP2, on the other hand, emphasizes that the better
dispersion and more even distribution of RuO2 contributes to the faster rate with NP2.

Figure 3.1 The decay of CeIV concentration with time in five cycles, catalyzed by NP2.
From the first to the fifth cycle: square (red), circle (orange), triangle (green), diamond
(blue) and pentagon (purple). In the following figures, unless otherwise specified, the five
recycles follow the same shape and color representation.
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Scheme 3.1 The illustration of the microstructures of NP1, NP2 and bulk RuO2.

Despite those observations, the kinetics of the catalytic reaction is not as easily
deduced. Figure 3.2 shows the relationship between ln{-d[Ce4+]/dt} (or ln r, where r is
the instantaneous rate in the unit of M/s) and ln[Ce4+] during five recycles. Similar to that
of NP1, NP2-catalyzed reaction is not a simple first-order reaction. The apparent order of
reaction, which is the slope of the curve, gradually decreases with the progression of
reaction within one cycle. The average order of reaction, with a forced linear fit for each
run, is estimated to be 1.7, 1.1, 1.4, 1.4 and 1.6, respectively.
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Figure 3.2 The relation between ln {-d[Ce4+]/dt} (or ln r) and ln [Ce4+] for the five cycles.

To analyze the kinetics of the reaction, the electrochemical model based on
Wagner-Traud principle is illustrated in Scheme 3.2. It assumes that the rate of reaction is
determined by the reversible Ce4+ reduction, for which the kinetics is limited by the
reversible diffusions of Ce4+ and Ce3+ and the irreversible oxidation of water controlled
by surface activation. This model was proven for bulk or colloidal catalysts, which have
relatively flat surfaces within the scale of the diffusion layers of both Ce4+ and Ce3+, and
can therefore use a one-directional diffusion approximation. It should be noted that the
size of the catalyst particulates is obviously much smaller than the diffusion layer
thickness (length) in our example. Nevertheless, the gradient of [Ce4+] or [Ce3+] is also
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along the direction of the nanopores because the diffusion is constrained in the onedirectional porous space. Additionally, with the diffusion layer thickness significantly
exceeding the size of each nanoparticle (only 1.6 nm), the redox species concentrations at
different location of a single nanoparticle is approximately the same. These two facts
reduce the complexity of the analysis for the diffusion associated with nanoscale and
supported catalysts, and therefore the electrochemical model suitable for bulk materials
can also be applied to them.

Scheme 3.2 The activation and the diffusion processes.

Applying the linear correlations of the current and the rate, and of the limiting
currents and Ce species concentrations at bulk solution, eqn. 4 gives the following
relationship between Emix and Ce concentrations:
Emix = Ec = ECeo + (RT/F) ln [kd A[Ce4+] + r]/[kd A[Ce3+] – r]

(3.6)

where A is the surface area of active RuO2 species per cm3 suspension, kd is the masstransfer coefficient, T is the temperature, R is ideal gas constant and F is the Faraday
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constant. The equation for the water-to-oxygen half-reaction is converted from eq 5 to
give:
Emix = EO2o + (RT/4αF) ln (r/4kO2A)

(3.7)

Once the parameters kdA, kO2 and α are solved, eqn. 6 and 7 can be combined to simulate
the kinetics of the catalytic runs.
The dependency of the reaction rate on the surface area A of catalytic RuO2 was
tested by varying the concentration of NP2 powder. In addition to the original one for
which the concentration of the NP2 suspension was 0.5 mg per mL, two new batches
with NP2 concentrations of 0.2 and 0.05 mg/mL (2/5 and 1/10 of the original batch) were
tested under otherwise identical conditions. The measured points are shown in Figure 3.3.
If the reaction is in first-order with respect to A, by multiplying the rates of the two
batches with 5/2 and 10, respectively, the resulted tracks for [Ce4+] decay should overlap
with that at [Ce4+] = 0.5 mg/mL. In this figure those with raised rates are represented by
solid circles and triangles. The three tracks overlap very well, proving that the order with
respect to the concentration of catalyst is 1.
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Figure 3.3 The [CeIV]-time relation for reactions catalyzed by different amount of NP2.
The solid squares indicated the reaction at the concentration of 0.5 mg catalyst per ml
suspension; the hollow circles and triangles were at 0.2 mg and 0.05 mg catalyst per ml
suspension, respectively. The solid spheres and triangles were obtained by dividing the
times corresponding to hollow points by 2.5 and 10, respectively.

For the solution of kdA, it was proved that for the reaction catalyzed by bulk RuO2
at low concentration of Ce4+, the overall rate is limited by the diffusion of Ce4+ and is
thus proportional to its concentration:11
r = kd A [Ce4+]

(3.8)

In the example of Mills, at [Ce4+] = 3.45 × 10-5 M, the reaction was proved diffusion
controlled.15 In our case, while the concentration of NP2 was decreased to 1/10 of the
original, the initial [Ce4+] was set to 2 × 10-5 M (1/100 of the regular concentration). The
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resulting data could be fitted into a first-order exponential decay curve, with an adjusted
R2 = 0.995 (Figure 3.4). The inset revealed an excellent linear fitting for ln[Ce4+] versus t,
with an adjusted R2 equal to 0.997. These fits prove the first-order nature of the
consumption of Ce4+ ion at low concentration. The value of kdA at the standard condition
could be calculated as 0.090 s-1 according to eqn. 8.

Figure 3.4 The relations of [CeIV] and ln[CeIV] (in the inset) vs. time at initial Ce4+
concentration of 2 × 10-5 M.

With kdA solved above, Emix of the reduction electrode can be calculated via eqn.
6. Plugging Emix into eqn. 7, the points of Emix vs. ln r render a clear trend of linear
correlation. The corresponding transformed Tafel plot is in Figure 3.5, of which the
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adjusted R2 is 0.91. The linearity of the curve is supportive of the microelectrode model.
From the fitted equation the remaining parameters can be solved: α = 0.36, and kO2A = 4.1
× 10-11 mol s-1.

Figure 3.5 The transformed Tafel plot of Emix vs. ln r for all five cycles.

Plugging the solved parameters into the combination of eqn. 6 and 7, and using
Newton’s method27 through programmed iteration, the relationship between r and [Ce4+]
is solved. The integration of r over t leads to the relationship between [Ce4+] and t (Figure
3.6). The proper fitting of each curve to the experimental data demonstrated that the
model of the reversible-irreversible electrode pair is also applicable in this case of
supported nanosized catalyst.
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Figure 3.6 The fitted curves of [Ce4+] vs. time with original experimental data.

Then the fitting of ln r vs. ln [Ce4+] is conducted to determine the apparent order
of reaction by the instantaneous slope of the curve (Figure 3.7a). Except for minor data
points which slightly deviate from the fitted curves, the majority are a good fit. The
change in the slopes of these fitted curves clearly demonstrates the dependence of rate of
reaction on the redox species concentrations. The relationship between the apparent order
of reaction and [Ce4+] is shown in Figure 3.7b. There are three interesting features
observed for the order of reaction: (1) the order for each cycle of reaction generally
decreases with decaying [Ce4+]/[Ce3+] ratio; (2) it also decreases with recycling; (3) all
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the curves converge at one point. These features can be explained by the derivation of an
expression based on eqn. 6 and 7, assisted by approximation supported by numerical
analysis. According to eqn. 6, the apparent order of reaction can be expressed as:
order

d ln

2

(3.9)

d ln Ce4

Combined with eqn. 7, this equation can be reorganized into the following form:
order

4α

1

1

(3.10)

Numerical analysis reveals that the reaction rate decays faster than the concentration of
oxidizing agent [Ce4+], namely r/[Ce4+] decreases while the reaction progresses. This
again indicates that the order of reaction is higher than 1. The term of dr/d[Ce4+] also
decays with reaction process, although slightly slower than r/[Ce4+] does. Specifically,
r/kdA[Ce4+] decays to 0.2 at [Ce4+] = 0.75 mM in the first round of reaction, and is always
smaller than 0.2 during the following recycles; dr/{kdA d[Ce4+]} decays to 0.2 at 0.37
mM in the first round, at 1.52 mM in the second round, and is later always on smaller
than 0.2. Therefore, for the second to the fifth cycles, and for the first cycle at low [Ce4+],
the terms of r/kdA[Ce4+] and dr/{kdA d[Ce4+]} are significantly smaller than 1, therefore
smaller than [Ce3+]/[Ce4+]. These two sets of r-related terms in eqn. 10 can thus be
neglected, which results in the following approximation:
order ≅ 4α

1

(3.11)

Because [Ce4+]/[Ce3+] is positive, the order is always higher than 1, confirming the
conclusion drawn based on numerical analysis. This equation clearly demonstrates that
the order of reaction is reduced with the conversion of [Ce4+] to [Ce3+], which explains
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the decrease in the order of reaction while the reaction progresses, as well its decrease
with recycles. At very low concentrations of Ce4+, where [Ce4+]/[Ce3+] is approximately
zero, the order of reaction approaches 4α = 1.44. The analysis thus explains the three
abovementioned features.
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Figure 3.7 (a) The original data points and fitted curves of ln r vs. ln [Ce4+], and (b) the
fitted curves of apparent reaction order vs. [Ce4+].
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It is interesting to note that the beginning of first cycle renders a raise of reaction
order. However, one should be carefully not to over-explain it only based on the
potential-current model of independent electrodes. It is possible that in the initial part of
the first cycle the reaction has not reached a steady state, which invalidated the
assumption that leads to eqn. 6. Also, the initial rate of reaction was estimated based on
the absorbance of dissolved Ce4+, which assumes that all the decrease in the absorbance
is due to the conversion of Ce4+ to Ce3+. However, the initial diffusion of Ce4+ ions into
mesopores and the following adsorption on the walls might blur the direct dependency of
absorbance on conversion. Nevertheless, the abnormal rise of reaction order at the
beginning of the first cycle may hint at a different reaction mechanism. The
approximation, dropping r/kdA[Ce4+] and dr/{kdA d[Ce4+]} terms, reveals the shrinking
influence of r-related terms on the reaction order after the first cycle. The rate r in eqn. 10
originates from eqn. 6, in which r implies the limiting effect of ion diffusion. Dropping rrelated terms thus suggests that other than the first cycle, the rest orders of reaction are
less dependent on diffusion, but more determined by the chemical reaction taking place
on the catalyst surface. It thus suggests that these cycles may be surface over-potential
driven, through an “activation-controlled” mechanism.
It is therefore necessary to closely inspect the dependency of the reaction rate on
the physical diffusion and surface chemical activation. Figure 3.8 shows the curves of
Emix vs. i for the anode, as well as for the cathodes at the first, second and third cycles
with 5% conversion of CeIV, where the reaction initiates. With a constant concentration of
Ce4+ but varying the concentration of reducing Ce3+, the cathodic curves consequentially
shift downwards. The fourth and fifth cycles share the same trend. The slowing-down of
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the reactions is largely due to the fall of the chemical potential of Ce4+/Ce3+ pair and thus
the over-potential. The current i can be determined where the cathodic and anodic
currents cancel. For the second and the third cycles, Emix and i are 1.433 V and 1.4
A/cm3, and 1.419 V and 0.6 A/cm3, respectively. Adjacent to these Emix values, the
change of ia with Emix is much smaller than that of ic, meaning that current i or rate r is
limited by the anodic oxidation and thus the surface activation. In other words, diffusion
is adequately fast and hence not the rate limiting step. The currents are at least one order
of magnitude smaller than il,c, which is another evidence of the so-called “activationcontrolled” mechanism of these cycles (also for the fourth and fifth cycles).27 However,
for the first cycle where Emix equals 1.457 V, the current i is 5.1 A per cm3 suspension
and thus higher than 0.1il,c, and the slopes of the anodic and cathodic curves are
comparable. Therefore, the kinetics is controlled by both the diffusion and the surface
activation, on a so-called “partly diffusion controlled” mechanism. This mechanism is the
evidence that diffusion process affects the catalytic rate, which hints on the design of
water oxidation/splitting catalysts: for the development of supported nanosized catalysts,
attention should also be paid to designs that facilitate fast mass-transfer and enhance the
accessibility of catalyst. In other words, a support with larger and/or interconnected pores
and higher porosity, and a better surface contact of the catalyst with the reaction solution,
would benefit the catalysis.
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Figure 3.8 The current-potential relations of H2OO2 half-reaction, and CeIV CeIII
half-reactions at 5% conversion of CeIV for the first, second and third cycles.

3.4 Conclusion
Nanoporous silica supported RuO2 nanoparticulates NP1 and NP2, and
commercial bulk RuO2 were compared to clarify the factors that enhance the catalytic
efficiency. By applying the Wagner-Traud additivity principle and the irreversiblereversible electrode couple model, the kinetics for the oxidation of water by CeIV was
successfully simulated. The fitting of the experimental results and its application in
interpreting the kinetics proved the applicability of this model. This model revealed and
explained the complex kinetics, especially the abnormal order of reaction in [Ce4+]. It
also hinted at the partly diffusion-controlled mechanism for the first cycle and the
activation-controlled mechanism for the following cycles. The fact that the overall
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reaction relies on the diffusion rate suggested the importance of enhancing mass-transfer
in designing nanoscale catalysts.
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CHAPTER 4
RUTHENIUM OXIDE SUPPORTED ON MESOPOROUS SILICA VIA
EVAPORATION-INDUCED SELF-ASSEMBLY APPROACH AS EFFICIENT AND
STABLE CATALYST FOR WATER OXIDATION

4.1 Introduction
The invention of ordered mesoporous silicate by Mobil’s scientists in 1992 via a
facile surfactant-assisted assembly approach1 triggered the extensive studies of this
family of materials.2 Many attractive properties of these materials, such as large and
uniform pore sizes, high surface areas and tunable periodic structures, have stimulated
various investigations of their applications. The capability of immobilizing catalytically
active species within the structures makes them ideal supports for catalysts,3,4 including
the catalysts for water oxidation.
The oxidation of water is of fundamental importance for the construction of an
artificial photosynthetic system5,6 which splits H2O into H2 and O2, an approach having
long been expected as one of the most promising ways to obtain renewable, green and
sustainable energy.7-9 Often separately studied as a half-reaction of overall water
splitting, water oxidation requires a sacrificial oxidant to overcome the thermodynamic
barrier for bond cleavage and electron transfer. Frequently Ce4+ ion is used as the
sacrificial oxidant for the test reaction: 4Ce4+ + 2H2O  4Ce3+ + 4H+ + O2. The inertness
of the kinetics, on the other hand, necessitates an efficient and stable catalyst that
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interfaces the tetraelectronic oxidation of water and the single-electron transfer to Ce4+.
So far, RuO2 was widely reported as one of the most efficient water oxidation catalysts1013

among many heterogeneous metal oxides, e.g. IrO2,11,12,14 MnxOy,15 CoOx,16 Rh2O311

and PtO2.11,17
Plenty of studies involved the loading of water oxidation catalysts into porous
silica via approaches like ion exchange,12 covalent bonding,18 and wet impregnation
followed by transforming metal species into the form of oxides.14-16 Our group recently
immobilized pre-synthesized nanoparticulate RuO2 into mesoporous silica, which so far
possesses the highest catalytic efficiency among all reported RuO2 catalysts.13
Nanocasting19 and templated self-assembly20 approaches were adapted to obtain metaloxide based mesoporous framework. Developed from traditional self-assembly
methodology, evaporation-induced self-assembly (EISA)21,22 excels in its increased
variety of product shapes and forms, such as thin films, fibers and powders.23,24 This
approach has proven to be applicable for the preparation of mesoporous metal oxides,
such as TiO2,25 IrO2,26 ZrO2-TiO2 composites27 and RuO2.28 As-prepared materials have
an expanded range of use. For instance, RuO2 film can be applied as an oxidizing
electrode material that electrochemically catalyzes the evolution of Cl228 and probably
O2. However, most of the water oxidation catalysts obtained from EISA approach
consisted of metal oxides only, rather than being supported by cheap carriers such as
silica.29 Due to the fact that the vast majority of the framework metal oxides are not on
the surface and therefore not contributing to the catalysis processes, this method is not
economically optimized.
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Scheme 4.1 The formation mechanism of EP4.

Reported herein is the preparation of mesoporous silica supported RuO2 for the
first time via the EISA method. The proposed mechanism of formation is illustrated in
Scheme 4.1. Surfactant triblock copolymer poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) EO20PO70EO20 (Pluronic P123) was used as a structure
directing agent. Tetraethyl orthosilicate (TEOS) as Si source self-assembles within the
EO range of the surfactant. Ru2(pal)4Cl (pal = palmitate) was used as the Ru source,
whose hydrophobicity results in higher affiliation with the PO block of the surfactant.
Unlike the regular co-assembly of metal/nonmetal oxides composites in which the two
oxides form in the same hydrophilic range, this approach is expected to form ruthenium
oxide in the pores during calcination.
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4.2 Experimental

4.2.1 Chemicals
RuCl3•xH2O was purchased from Pressure Chemical Co. Palmitic acid (nC15H31COOH, pal), TEOS, P123 and cerium(IV) sulfate were purchased from Aldrich.
All the chemicals were used as received.

4.2.2 Preparation of Ru2(pal)4Cl
Ru2(O2CCH3)4Cl was synthesized from RuCl3 and acetic acid.30,31 The synthesis
of Ru2(O2CC3H7)4Cl was based on the method for synthesizing the Ru2(O2CCnH2n+1)4Cl
series.32 The mixture of Ru2(O2CCH3)4Cl and excess amount of butyric acid was refluxed
for 1 h. After cooling, as-obtained Ru2(O2CC3H7)4Cl crystal was purified by washing
with n-heptane and petroleum ether. Ru2(pal)4Cl was obtained via a modified method
reported by Cukiernik et al.32 1 g of dried Ru2(O2CC3H7)4Cl was mixed with 10 g of
palmitic acid in a flask attached to a Soxhlet extractor, and then heated to 200 oC for 1 d
under nitrogen protection. The melted palmitic acid exchanged with the butyrate in
Ru2(O2CC3H7)4Cl, and the generated butyric acid was evaporated and absorbed by KOH
solid in the Soxhlet extractor. The mixture was cooled to room temperature and washed
with excess hexanes and heptanes. The solid was dissolved in methanol and pure
Ru2(pal)4Cl was recrystallized from this solution.
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4.2.3 Preparation of EP4 and EP0
The synthesis of EP4 and E0 via the evaporation-induced self-assembly (EISA)
method was modified from the report of Gu et al.29 First, 2.08 g of TEOS were prehydrolyzed in 1.08 g of diluted hydrochloric acid (pH = 2) and 2.9 mL of tetrahydrofuran
(THF) under vigorous stirring at ambient temperature. Then 0.52 g of P123 and 0.114 g
of Ru2(pal)4Cl were dissolved in 8.7 mL of THF and mixed with the TEOS solution. The
final molar composition in the mixture was 1 TEOS : 0.0094 P123 : 0.009 Ru2(pal)4Cl : 5
H2O : 0.009 HCl : 15 THF. The solution was transferred into petri-dishes to allow THF to
evaporate and the condensation of Si species to occur within 1 d. The formed transparent
thin film was scratched off the dishes and ground into a powder. This powder was
thermally treated at 100 oC for 3 h, and then calcined at 550 oC for 4 h at a ramp rate of 2
o

C/min. The final grayish green product was termed as EP4 (E - EISA, P – pal, 4 - 4 wt%

of RuO2 in the product). The 4 wt% loading of RuO2 was estimated based on the
assumption of 100% conversion of Ru2(pal)4Cl to RuO2. Mesoporous silica E0 was
prepared via the same procedure, except that there was no Ru2(pal)4Cl added (0 indicates
the absence of RuO2).

4.2.4 Preparation of P4
Instead of the EISA approach, P4 was obtained via a wet-impregnation method.
18.9 mg of Ru2(pal)4Cl was dissolved in 1.33 ml of THF. The solution was mixed with
100 mg of E0, and THF was evaporated with vigorous stirring at ambient conditions for 1
d. The dried powder was transferred into a furnace to calcine at 550 oC for 4 h, and
finally cooled to room temperature.
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4.2.5 Synthesis of RuCl3-4
The synthesis of RuCl3-413 followed the same wet-impregnation procedure as for
P4. 7.9 mg of RuCl3•3H2O as the Ru source was dissolved in 1.33 ml pure water, and this
solution was mixed with 100 mg of E0 powder. Water was gradually evaporated while
stirring at ambient conditions for one week. The dried powder was calcined at 550 oC for
4 h.
4.2.6 Characterization
Transition electron microscopy (TEM) images were taken on a Philips Tecnai 20
electron microscope. Powder X-ray diffraction (XRD) patterns were measured on a
PANalytical MRD X'Pert Pro High Resolution XRD with Cu Kα radiation. Nitrogen
sorption isotherms were recorded at 77 K on a Micromeritics ASAP 2000 Physisorption
Analyzer. The specific surface area was calculated via the Brunauer-Emmett-Teller
(BET) method, and the pore size distribution was estimated using the Barrett-JoynerHalenda (BJH) model. IR spectra were taken in a Jasco FT/IR 6300 spectrometer
attached with an attenuated total reflectance (ATR) accessory.

4.2.7 Catalysis
To monitor the consumption of CeIV, UV-vis time-course measurement was taken
in a Jasco V-670 spectrophotometer. 0.5 M H2SO4 aqueous solution was used as a blank.
Unless otherwise specified, 1.25 mg of supported catalyst (or 0.05 mg of unsupported
NP) was dispersed in 2.5 mL of 0.5 M H2SO4. This suspension was kept in a cuvette and
capped with a plastic lid. The catalyst was dispersed in the suspension by stirring for 3 d
before the catalytic run. Each cycle was initiated by the addition of Ce(SO4)2 to restore
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the original concentration. In most cases the reaction temperature is 20 ± 1 oC, and the
volume of 0.1 M Ce(SO4)2 added each time is 50 μL and the target concentration is 2
mM. The suspension was stirred at a constant rate of 700 rpm during the reaction time,
except for the several seconds of spectrum acquisition. For suspensions with different
concentrations of Ce4+, UV-vis measurements were conducted at the wavelength of 320
nm (ε = 5580 M-1 cm-1) or 430 nm (ε = 290 M-1 cm-1).
The reusability of catalyst EP4 was tested in two ways. In the first batch, the
catalyst was not separated from the solution, and for the initiation of each new run,
additional Ce(SO4)2 was injected to reach its original concentration, mostly 2 mM. In the
second batch, after each run the suspension was centrifuged to separate EP4 from the
reaction solution, and EP4 was carefully recovered and rinsed with 0.5 M H2SO4 several
times to remove all the absorbed chemicals. Then the solid was re-dispersed for 3 d in
H2SO4 before the new cycle of the reaction was initiated by adding Ce(SO4)2.

4.3 Results and Discussion
The structure of EP4 was investigated with TEM. As shown in Figure 4.1a, the
mesoporous silica support retains its porosity and ordering after the calcination. The
shadows representing RuO2 are well dispersed in the whole framework of silica. The
needle shape of RuO2 and the orientation of the needles that coincides with the direction
of the pores, indicate that RuO2 was formed in the mesopores. This conclusion can be
confirmed by another TEM image (Figure 4.1b) taken at a higher magnification, which
shows that the width (4-6 nm) of the needles matches that of the pores. The length of the
needle is 30-60 nm. These observations are supportive of the formation mechanism
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proposed before. During the calcination, Ru species aggregated and crystallized into
“nano-needles”, which occupies the mesopore void left after the surfactant was burnt.
Because the target loading of RuO2 is only 4 wt%, the calcination only led to the
formation of nanosized needles rather than large aggregates. On the other hand, the TEM
images of E0 (Figure 4.2a,b) show that ordered mesoporous structure was also achieved
without added Ru species. Figure 4.2b showing hexagonal mesopores at the edge of the
silica, implies that the order of the mesopores may be hexagonal. However, further
investigation is required to finalize the phase of the mesostructure.
The influence of supported Ru2(pal)4Cl on the mesostructure of silica was studied
by small angle XRD (Figure 4.3). Mesoporous silica E0 without Ru loading possesses a
highly ordered mesoporous structure. For P4, Ru2(pal)4Cl was loaded after the formation
of E0, and then converted into RuO2 by calcination. Its XRD pattern shows that the
loading of Ru species and the following calcination did no damage to the mesostructures
of silica. EP4 also largely retained the mesostructure identical to that of E0, although the
characteristic peak at 1.18o has been slightly broadened.
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a

b

Figure 4.1 (a, b) TEM images of EP4.
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a

b

Figure 4.2 (a, b) TEM images of E0.
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Figure 4.3 Small angle XRD patterns of E0, P4 and EP4.
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Wide angle XRD measurement can be used to identify the crystallinity of
supported RuO2, which also hints at the size of each RuO2 crystal (Figure 4.4).
Commercial bulk RuO2 was measured as a reference. For P4 and EP4, except for two
hardly distinguishable peaks at 2θ = 28o and 35o that may be assigned to the responses of
(110) and (101) planes of rutile-structured RuO2, the remaining peaks shown in the
pattern of bulk RuO2 cannot be found. On the other hand, wet-impregnated RuCl3 was
converted into RuO2, and condensed and crystallized severely in the case of RuCl3-4. The
average size of RuO2 microcrystal is larger than 100 nm.13 The corresponding pattern
thus renders sharper peaks of (110), (101) and (211) planes, as well as other
distinguishable peaks characteristic of rutile RuO2. The broadness and weakness of the
peaks in EP4 and P4 therefore implies the smallness of the crystal, which is expected to
be beneficial for retaining a high surface area of catalyst. However, compared to NP1
(NP-4%) and NP2 which have no diffraction peak, in EP4 there are still two peaks
distinguishable. As observed in the TEM images of EP4, RuO2 is at least 4 × 4 × 30 nm,
much larger than the RuO2 nanoparticle in NP1 (~1.6 nm). Therefore, the difference in
the diffraction peaks of EP4 and NP1 is supportive evidence of the larger size of RuO2
nanocrystal in EP4 than in NP1.
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Figure 4.4 Wide angle XRD patterns of bulk RuO2, EP4, P4 and RuCl3-4. The intensity
was normalized for easy comparison.
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Figure 4.5 IR spectra of EP4, E0 and Ru2(pal)4Cl.
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IR spectra of samples EP4, E0 and Ru2(pal)4Cl are shown in Figure 4.5. In the
spectra of E0 and EP4, the broad band in the 1260 – 875 cm-1 region corresponds to the
vibrations of Si-O, Si-O-Si and Si-OH etc. in the silica framework. In that of Ru2(pal)4Cl,
the strong peaks between 3000 cm-1 and 2800 cm-1 are due to the stretching of C-H in CH3 and -CH2-. The sharp peaks at 1468 and 1432 cm-1 are characteristic of –COO
functional group coordinated to Ru metal center, and the red-shift of the peaks compared
to regular C=O in carboxylic acid (~1700 cm-1) results from the conjugate effect that
weakens the bond strength of C=O.30 The absence of these peaks in EP4 indicates that the
calcination step has removed all the organic moieties in Ru2(pal)4Cl. It is supportive of
the inference that the Ru species was oxidized into RuO2 form during calcination. It also
validates the calculation of RuO2 weight percentage in EP4 based on the amount of
Ru2(pal)4Cl added.
Nitrogen sorption measurement was conducted to investigate the influence of
loaded catalyst on the porosity of the support. Based on the isotherms of E0 and EP4
(Figure 4.6a), the specific surface areas, pore sizes and pore volumes of EO and EP4 are
calculated, and the results are listed in Table 4.1. The 42% and 45% decreases in the
surface area and pore volume of EP4 compared to E0 imply the blockage of the pores due
to RuO2 nano-needles. This inference is supported by the TEM observation that the width
of nano-needles is identical to that of mesopores, which implies the inaccessibility of the
internal mesoporous channels blocked by RuO2 “plugs”. The pore size distribution is
illustrated in Figure 4.6b. It shows that EP4 has less accessible pores than E0. However,
the pore size is similarly around 4 nm for both samples. These samples obtained via the
EISA method are quite different from NP1 in the physicochemical properties measured
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with nitrogen sorption. As listed in Table 4.1, NP1 has significantly higher surface area,
pore size and pore volume, resulting from its different synthetic path.

Table 4.1 Surface areas, pore volumes and pore sizes of E0, EP4 and NP1.
Surface Area

Pore Volume

Pore Size

(m2/g)

(cm3/g)

(nm)

E0

360

0.33

3.8

EP4

208

0.18

3.7

NP1

531

0.68

7.5

The performance of EP4 on catalyzing water oxidation was compared with
RuCl3-4, P4 and commercial RuO2 powder (Figure 4.7). Their initial TOFs, defined as
the initial decay rate of [Ce4+] divided by RuO2 molar concentration in the suspension,
are 0.052, 9.3 × 10-4, 5.2 × 10-4 and 3.4 × 10-4 s-1, respectively. At t = 6000 s, the residual
Ce4+ is 0.09, 1.38, 1.66 and 1.89 mM, indicating the conversion ratio of 95.5%, 31%,
17% and 5.5%, respectively. The higher efficiency of EP4 can be attributed to the less
aggregation of RuO2 in the mesoporous silica framework than other catalysts, a
characteristic that should benefit the efficiency of catalysis.
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Figure 4.6 The (a) isotherms and (b) pore size distributions of EP4 and E0 under nitrogen
sorption measurement.
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Figure 4.7 Residual Ce4+ concentrations over time, in the reaction catalyzed by EP4,
RuCl3-4, P4 and unsupported bulk RuO2, respectively.

The reusability of EP4 was tested in two ways. The first test was conducted in the
same suspension. At the end of one cycle, new Ce4+ was injected to initiate another cycle.
The measured results of the four runs are graphed in Figure 4.8a, which shows a clear
decreasing trend in the decay rate of [Ce4+] with the enrichment of Ce3+. The initial
turnover frequency (TOF) is estimated to be 0.052, 0.0049, 0.0024 and 0.00058 s-1,
respectively. At t = 10000 s, the residual [Ce4+] is roughly 0.04, 0.27, 0.64 and 1.14 mM,
respectively, showing the incompletion of the reactions after the first run. However, the
deceleration and incompletion of the reactions should not be attributed to the deactivation
of the catalyst; instead, as proven in Chapter 3, it is due to the accumulation of Ce3+ in the
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liquid phase which lowered the redox potential of Ce4+/Ce3+ pair, the driving force for the
oxidation of water.
In the second batch of recycles (Figure 4.8b), the catalyst was recovered from the
reacted solution and re-dispersed in new reaction solution every time. Unlike the first
batch, herein the initial TOF is 0.047, 0.027, 0.028 and 0.022 s-1, respectively; the small
difference demonstrates the stability of the catalyst. The similarity of the two TOFs for
the first cycles of the two tests is evident of the good repeatability of the catalytic
reactions. Although a slight decrease of the rate is observed (e. g. the residual [Ce4+] at t
= 2000 s is different as 0.25, 0.35, 0.44 and 0.51 mM, respectively), all runs come to >
95% conversion at 10000 s. The largely retained catalytic activity implies the intactness
of RuO2 catalyst embedded into the mesopores of silica.
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Figure 4.8 The consumption of [Ce4+] catalyzed by EP4 in 4 cycles, in (a) each new run
was initiated by adding Ce(SO4)2 into the same suspension, and in (b) the catalyst EP4
was separated and re-dispersed in new reaction solution. From the left to the right is the
first (red square), second (yellow circle), third (green triangle) and fourth (blue diamond)
run, respectively.
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Because EP4 and NP1 were tested under identical conditions, the performances of
the two samples are directly comparable. From Figure 4.9, one can easily tell that NP1 is
more efficient than EP4 in facilitating CeIV consumption. At t ~ 1300 s when CeIV in the
suspension of NP1 was almost completely consumed, EP4 only led to 81% conversion of
CeIV. The initial TOF of NP1 is 0.27 s-1, 5.4 times of that of NP1. In addition, as reported
before,13 the initial TOFs of NP1 for the following three runs are 0.052, 0.10 and 0.036 s1

, respectively, also much higher than those of EP4. The difference in the efficiency of

catalysis can be attributed to the structural and size difference of the two materials. The
silica support of NP1 has larger pore size, pore volume and surface area, and RuO2
catalyst in NP1 is also much smaller. The resulted higher surface area and higher
accessibility of catalyst is crucial for achieving a higher rate of reaction.

Figure 4.9 First run of [Ce4+] consumption catalyzed by EP4 and NP1, respectively.
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4.4 Conclusion
For the first time, RuO2 supported on mesoporous silica has been prepared via the
EISA method. RuO2 is evenly distributed in the mesopores of silica support, and the
mesoporous silica framework is ordered. This material has been proven highly efficient
and reusable towards the oxidation of water. The comparison with NP1 suggests the
positive influence of highly porous support and small catalyst on the catalytic efficiency.
The successful practice of the EISA method in obtaining catalyst-loaded porous materials
may inspire the preparation of other supported catalysts in the related areas.
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Appendix A
Calculation and Further Analysis of the Kinetic Data of Samples Reported in Table 1 of
CHAPTER 1
The preliminary kinetic study of the reaction catalyzed by NP-4% showed that the
reaction was not first-order towards [Ce(IV)], different from the samples cited in Table
1.1 for comparison. Therefore, a comparison of first-order rate constant k1 is
meaningless. The variation in the concentrations of the catalyst also prevents a direct
comparison of the rate constants. A comparison of turnover number (TON) during certain
periods is not reliable either, due to the different kinetics (non-first-order reaction) in
[Ce(IV)] for different examples. Therefore the comparison of initial TOF, which directly
indicates the activity of catalyst, is more practical.
The initial TOFs of the catalytic reactions shown in Table A1 below were
calculated as follows: In most reports the kinetic study of water oxidation can obtain firstorder rate constant k1, with respect to the disappearance of Ce(IV). The concentration of
catalytic RuO2 ([RuO2]) in the solution and the initial concentration of Ce(IV)
([Ce(IV)]t=0) can also be found. The equation for TOF is:

For example, in a reference1 we found k1 = -6.5×10-3 s-1, [Ce(IV)]t=0 = 1×10-3
M, and [RuO2] = 3.41×10-4 M, and thus obtained TOF = 0.019 s-1.
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Table A1 TOF values calculated based on original reaction conditions.
Sample

TOF (s-1)

k1 (s-1)

[Ce(IV)]t=0 (mM)

0.27

-

2

NP-4%

Ref

0.053

-

1

Ru-Adam(500)

0.024

0.015

0.92

2

RuO2•yH2O

0.016

0.0099

0.92

2-4

0.019

0.0065

1

1

~0.01

~0.0008

1

RuO2-loaded
mesopor. silicate
RuO2 on TiO2a
a

5

In the report of RuO2 loaded on TiO2, no detailed kinetic study was provided, and
therefore we estimated the TOF based on Fig. 3 of their report.5
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The abovementioned calculation method directly compares TOFs from the
original reaction conditions and is therefore for our purposes most reliable. However, the
obtained TOF values depend on the initial concentration of Ce4+. Since most of the
reported reactions are first-order to [Ce(IV)], within a reasonable concentration range the
TOF is linear to the initial concentration of Ce(IV). To exclude the influence of
[Ce(IV)]t=0, we set all the [Ce(IV)]t=0 values to 2×10-3 M. For the reaction catalyzed by
RuO2-loaded TiO2,5 the reaction was assumed as first-order with respect to [Ce(IV)], and
the thus-calculated rate constant for 1×10-3 M Ce(SO4)2 is used to calculate the TOF in 2
×10-3 M Ce(SO4)2. The results were summarized in Table 1 of the main text.
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Appendix B
Calculation and Data Analysis in CHAPTER 2
Examples for the Calculation of TOFs and O2 Yields.
(a) RuO2/Y-zeolite reported by Lehn et al.6
The best RuO2 catalyst is sample No. 2 in Table 1 of this reference. The
conditions for the test were listed: 30 mL mixture containing 2.6 × 10-2 M Co(NH3)5Cl2+
and 5.6 × 10-4 M RuOx. The final production amount of O2 was 1.52 mL and the rate for
the production of O2 per mM metal was 2.71 mL/h.
In 30 mL of suspension, 1 mM Ru metal equals 3 × 10-5 mol of RuOx. Applying
the ideal gas law, the rate of O2 production, 2.71 mL O2/h/ mM RuOx is equal to 1.09 ×
10-4 mol O2/h/mM RuOx, and therefore equal to 1.09 × 10-4 mol O2 / 60 min / 3 × 10-5
mol RuOx = 0.0606 mol O2 / mol RuOx / min. Multiplied by 4, the number of electrons
transferred per generated O2, the calculation leads to TOF of 0.24 min-1.
The theoretical yield of O2 = 2.6 × 10-2 M Co(NH3)5Cl2+ × 0.03 L × [1 O2 / 4
Co(NH3)5Cl2+] = 1.95 × 10-4 mol O2. Applying the ideal gas law, the actual amount of O2
produced (1.52 mL in the headspace) can be estimated to be 6.11 × 10-5 mol O2. The
yield, based on the ratios of actual/theoretical amount is calculated to be 100% × 6.11 ×
10-5 mol / 1.95 × 10-4 mol = 31%.
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(b) RuO2-Y catalyst reported by Das et al.7
Their most efficient catalyst is RuO2-Y, 200oC, in Table 1 of that paper. For the
catalytic system, 0.200 g of [Co(NH3)5Cl]Cl2, 0.050 g catalyst (Ru content: 2.96 wt%)
plus the photosensitizer and buffering components were mixed in 40 mL water.
For the first 60 min, the rate was 0.67 mL O2 / min / mmol of RuO2. Applying the
ideal gas law at ambient conditions, the rate would be 0.0274 mol O2 / min / mol RuO2.
Multiplying it by 4, a TOF of 0.11 min-1 is obtained.
Theoretical production amount of O2 is similar to that calculated for Lehn’s
sample: 2.00 × 10-4 mol O2. The number of moles of RuO2 is obtained by converting the
weight of Ru in the catalyst: 0.05 g × 2.96% / 101.07 g mol-1 Ru = 1.46 × 10-5 mol Ru =
1.46 × 10-5 mol RuO2. The produced O2 at 150 min can be roughly estimated from the
aforementioned molar rate of O2 production: 0.0274 mol O2 / min / mol RuO2 × 150 min
× 1.46 × 10-5 mol RuO2 = 6.00 × 10-5 mol. This gives a percentage of conversion of 100%
× 6.00 × 10-5 mol / 2.00 × 10-4 mol = 30%. Because the generation of O2 was nearly
linear with respect to time (as observed in Figure 4.6 of that paper), this rough calculation
method does not lead to significant under-estimation of O2 yield.
(c) Other TOFs and the amounts of O2 produced from other references were either
similarly calculated or directly obtained from the reports.

99
Additional calibration and calculation procedures for the analysis of O2 production
catalyzed by NP2, NP1, RuCl3-4% and bulk RuO2.
(a) The calculation and calibration of TOF and O2 production.
The O2 sensor reads the concentration of O2 in the headspace. Knowing the
volume of the headspace (3.75 mL in most cases), applying ideal gas law, we can
converted it into moles of O2 produced. The rest steps for the calculation of yield
followed similar procedures as detailed for literature reports. Additional calibrations
include the baseline subtraction and dissolved O2 correction:
Baseline subtraction: The cuvette was sealed by a rubber septum, through which
the needle tip of the O2 sensor penetrated into the headspace. Due to the small leaking of
the system at the sensor injection site, the calibration of the baseline is necessary.
Generally, the light source was turned on after the sensor has been fixed in the headspace
for 1 h or longer. The light-on time was reset to t = 0. A linear formula between detected
O2 concentration and elapsed time was fitted at the linear range before t = 0, and the
actual produced O2 after t = 0 was obtained by subtracting the detected value by the O2
value calculated from the fitted baseline formula corresponding to the time t.
Dissolved O2 calibration: It is known that at 20 oC and 1 atm, air contains 20.9%
volume portion O2 and the solubility of O2 in water is 2.84 × 10-4 M. Thus the distribution
coefficient for O2 in water and in the headspace was calculated as 0.0326:1. As we
carefully measured the headspace volume as 3.75 mL and the suspension was always 2.4
mL, the multiplier that convert the detected O2 amount to the real O2 amount could be
obtained as 1 + 0.0326 × (2.4 mL / 3.75 mL) = 1.021.
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(b) The calculation of quantum efficiency (Φ).
The photon influx was measured through a chemical actinometry method.8 Three
parallel measurements were conducted, and the calculated influx gives a value of 5.28 ×
10-6 ± 0.02 × 10-6 mol/min. The number of absorbed photons was obtained by multiplying
the influx with time t. The remaining procedure for the calculation of cumulative Φ was
based on equation 2.2 in Chapter 2.
The rate of O2 production at time t was obtained via this equation:
[(moles of O2 produced at t + 0.5 min) – (moles of O2 produced at t - 0.5 min)] / 1 min
The 1 min range of sampling points significantly smoothened the curves of the rate of O2
production, and the curves of instantaneous Φ shown in Figure 2.5b. The following step
is described in equation 2.3.
(c) The Φ values for otherwise reported catalytic systems were either similarly calculated
or directly obtained from the reports.

VITA

101

VITA

Yang Zhang was born on June 17, 1986 in Chongqing, China. He gained great
interest in Chemistry since middle school. He won the first-class provincial prize in the
National High School Chemistry Contest and then the second-class national prize in 2004,
which granted him the admission to the Department of Chemistry of Fudan University
without entrance examination. At Fudan, Yang joined the research lab of Dr.
Chengzhong Yu, where he spent three years in the research of mesoporous materials.
After his graduation from Fudan in 2008, he spent one year in continuing lab research
and working in various industries. He was offered admission to Purdue Chemistry 2009
fall class, where Yang worked under the direction of Dr. Tong Ren for 4 years, learning a
wide range of inorganic, materials, catalysis and organometallic chemistry skills. Yang
will receive his Doctor of Philosophy in December of 2013.

